The symbiotic interaction between cnidarians (e.g., corals and sea anemones) and photosynthetic dinoflagellates of the genus Symbiodinium is triggered by both host-symbiont recognition processes and metabolic exchange between the 2 partners. The molecular communication is crucial for homeostatic regulation of the symbiosis, both under normal conditions and during stresses that further lead to symbiosis collapse. It is therefore important to identify and fully characterise the key players of this intimate interaction at the symbiotic interface. In this study, we determined the cellular and subcellular localization and expression of the sterol-trafficking Niemann-Pick type C proteins (NPC1 and NPC2) in the symbiotic sea anemones Anemonia viridis and Aiptasia sp. We first established that NPC1 is localised within vesicles in host tissues and to the symbiosome membranes in several anthozoan species. We demonstrated that the canonical NPC2-a protein is mainly expressed in the epidermis, whereas the NPC2-d protein is closely associated with symbiosome membranes. Furthermore, we showed that the expression of the NPC2-d protein is correlated with symbiont presence in healthy symbiotic specimens. As npc2-d is a cnidarian-specific duplicated gene, we hypothesised that it probably arose from a subfunctionalisation process that might result in a gain of function and symbiosis adaptation in anthozoans. Niemann-Pick type C proteins may be key players in a functional symbiosis and be useful tools to study host-symbiont interactions in the anthozoan-dinoflagellate association.
| INTRODUCTION
Despite the ecological importance of coral reefs, the cellular mechanisms that modulate the intimate association between cnidarian hosts, such as corals and sea anemones, and their dinoflagellate endosymbionts from the genus Symbiodinium are poorly understood (Davy, Allemand, & Weis, 2012) . The first step in the onset of symbiosis is the recognition of these symbionts by the host (Wood-Charlson, Hollingsworth, Krupp, & Weis, 2006) . This interaction is triggered by glycan motifs expressed at the cell surface of the Symbiodinium cell (Logan, LaFlamme, Weis, & Davy, 2010) , which allows specific recognition by the host cell's pattern recognition receptors (Davy et al., 2012) . The glycan-lectin interaction and its role in symbiont selection in the cnidarian-dinoflagellate symbiosis has been the subject of a number of studies to date, even though we still do not understand it fully Jimbo, Koike, Sakai, Muramoto, & Kamiya, 2005; Jimbo et al., 2013; To date, Sym32, a fascilin-domain protein involved in cell-cell and cell-extracellular matrix interactions, is the only protein that has been clearly localised to the symbiosome membrane, via immunogold labelling (Schwarz & Weis, 2003) . However, Rab proteins are also thought to be involved in the persistence and/or degradation of symbionts in hospite (Chen, Cheng, Hong, & Fang, 2004; Chen, Cheng, Sung, Kuo, & Fang, 2003; Chen et al., 2005; Hong, Huang, Lin, Fang, & Chen, 2009 ). Peng and co-workers were the first to characterise this symbiotic interface, by purification of symbiosome membranes and proteomic analysis (Peng et al., 2010) . This study revealed 17 proteins involved in cell recognition (G protein-coupled receptors), cytoskeletal remodelling (Actin), transport (ABC transporter), and stress responses (Heat shock proteins). Furthermore, transcriptomic and genomic studies of symbiotic cnidarians have led to the identification of several key genes that are putatively involved in symbiosis establishment and maintenance, metabolic exchange, and nutrient trafficking (DeSalvo, Sunagawa, Voolstra, & Medina, 2010; Desalvo et al., 2008; Grasso et al., 2008; Kuo, Chen, Lin, & Fang, 2004; Kuo, Liang, & Lin, 2010; Lehnert et al., 2014; Oakley et al., 2016; Rodriguez-Lanetty, Phillips, & Weis, 2006; Sunagawa et al., 2009) .
In most of these latter studies, Niemann-Pick genes (npc) were identified and results suggested that npc genes may be key players in the symbiotic association (Baumgarten et al., 2015; Dani, Ganot, Priouzeau, Furla, & Sabourault, 2014; Ganot et al., 2011; Lehnert et al., 2014) . For example, in the sea anemone Anemonia viridis, the endosomal sterol transporter Avnpc2-d was identified as a cnidarian-specific duplicated gene, which could be involved in metabolic exchange between the two partners, working in tandem with the AvNPC1 transmembrane protein (Dani et al., 2014) .
In a previous study, we characterised the repertoire of npc genes in the sea anemone A. viridis and determined their expression at a transcriptomic level (Dani et al., 2014) . First of all, phylogenetic analyses revealed that npc2 genes were duplicated in cnidarians by retroposition of the canonical Avnpc2-a mRNA intermediate, according to genomic organisation of their chordate orthologs.
Furthermore, only the duplicated copy Avnpc2-d was upregulated by the symbiotic state, whereas several other symbiosis-related genes with multiple paralogs were also upregulated in symbiosis. These included genes implicated in host-symbiont recognition, such as C-type lectins (Grasso et al., 2008; Rodriguez-Lanetty, Harii, & Hoegh-Guldberg, 2009; Sunagawa et al., 2009 ) and Sym32 (Ganot et al., 2011; Moya, Ganot, Furla, & Sabourault, 2012; Reynolds, Schwarz, & Weis, 2000) and genes involved in trafficking and metabolic exchange, such as carbonic anhydrase (Weis & Reynolds, 1999; Weston et al., 2015) and Rhbg solute transporters (Ganot et al., 2011; Sabourault, Ganot, Deleury, Allemand, & Furla, 2009 ). In the pea aphid-bacterial symbiosis, gene duplication plays a role in recruiting amino acid transporters to operate at the symbiotic interface (Duncan et al., 2014) , whereas in Drosophila melanogaster, multiple duplication of npc2 genes has led to differential tissue-specific expression, with a putative role in binding bacterial cell-wall components such as peptidoglycans (Shi, Zhong, & Yu, 2012) .
Neofunctionalisation of duplicated genes could therefore be associated with physiological adaptation to an endosymbiotic lifestyle.
It is therefore crucial that we localise Niemann-Pick type C proteins in the cnidarian-dinoflagellate symbiosis, to elucidate their functional role and ecological significance.
In this study, we characterised both the abundance and localisation, at the cellular and subcellular levels, of NPC1, NPC2-a, and NPC2-d proteins in the cnidarian-dinoflagellate symbiosis. We applied both "normal" conditions and hyperthermal stress, to test the impacts of symbiosis dysfunction/"bleaching"; we also compared the impacts of menthol treatment, which causes host autophagy (Dani et al., 2016) and produces "healthy" aposymbiotic hosts (Matthews et al., 2015; Wang, Chen, Tew, Meng, & Chen, 2012) . We demonstrated that NPC1 is localised both within vesicles in host tissues and to the perisymbiont membrane. In comparison, there was evidence for subfunctionalisation of the npc2-d gene, given that the canonical NPC2-a protein was expressed only in epidermal tissue, whereas the duplicated NPC2-d protein was specifically expressed at the symbiosome. Furthermore, the duplicated copy was clearly correlated with symbiont presence, as it was absent in bleached individuals, whether generated via heat stress or menthol treatment.
These results demonstrate that NPC2-d protein abundance and localisation are strongly associated with the symbiotic condition.
NPC2-d could therefore likely play a significant role in the establishment and function of the ecologically significant cnidarian-dinoflagellate symbiosis. 
| Expression of NPC2 proteins
Western blot experiments indicated that the canonical protein AvNPC2-a was expressed only in the epidermis, both in symbiotic Immunolabelling of NPC1 protein on FIS extracted from the sea anemones (a) Anemonia viridis and (b) Aiptasia sp., the corals (c) Acropora digitifera and (d) Stylophora pistillata, and (e) cultured Symbiodinium. NPC1 protein in blue; natural autofluorescence of Symbiodinium chlorophyll pigments in red. Scale bars = 5 μm and aposymbiotic specimens of A. viridis (Figure 4a ). Preadsorption of antibody with the related peptide antigen, prior to use on blots, allowed us to check the specificity of the anti-AvNPC2-a antibody (Figure 4b ). Immunolocalisation with tentacles from symbiotic specimens showed that AvNPC2-a was localised to the epidermis. It seemed to be especially associated with cnidocyte structures and also with cilia on the external part of the cell, which is in contact with seawater ( Figure 5a ). As expected from previous results (Ganot et al., 2011) , this protein was not associated with symbiosomes in A. viridis was no change in the localisation of AvNPC1 during menthol treatment, however. As in control specimens, this protein was localised both to the gastrodermis and epidermis and was found to surround the symbionts ( Figure S5A,B) . Nevertheless, at Day 59, although all symbionts had been expelled or degraded, AvNPC1 was localised to vesicle-like structures within both the epidermis and gastrodermis ( Figure S5C ). We thus demonstrated that AvNPC1 protein expression was impacted by menthol treatment but not by hyperthermal stress in A. viridis.
Interestingly, AvNPC2-a protein expression increased gradually during menthol treatment (Figure 7c ). Unlike the specific localisation to cilia observed after 5 days of hyperthermal stress ( Figure S4D-F 
AvNPC2-a was always associated with cnidocytes, the cnidarian stinging cells, in the menthol treatment ( Figure S5D-F) . In contrast, AvNPC2-d protein abundance decreased in the presence of menthol, as it also was observed, but to a lesser degree, in response to hyperthermal stress. Indeed, the expression of the protein was barely detectable after Day 22 (Figure 7c ). Furthermore, we showed that 
| DISCUSSION
Overall, this study led to the first global characterisation of NPC proteins in anthozoans (Figure 8 ) and highlighted their potentially major functional role in the cnidarian-dinoflagellate symbiosis. The NPC1 protein is ubiquitously expressed in host tissues and, more interestingly, is associated with the perisymbiont membrane. With respect to NPC2 proteins, we demonstrated that the duplicated-copy NPC2-d was only expressed in the vicinity of the symbiosome membrane, whereas NPC2-a expression was restricted to the epidermis.
| AvNPC1 protein expression patterns in anthozoans
In this study, we showed that the AvNPC1 protein was distributed across both tissue layers in symbiotic and aposymbiotic A. viridis and Aiptasia sp. (Figure 1 ). To our knowledge, the only described differential gene expression of npc1 in a symbiotic anthozoan is a downregulation in the coral Acropora millepora at night relative to daylight periods (Bertucci, Forêt, Ball, & Miller, 2015) . Moreover, at the subcellular level, among several structures, we demonstrated that this protein is localised to the outer surface of the symbiont and is probably associated with the animal-derived symbiosome membrane, via immunogold labelling ( Figure 3a ) and immunolabelling (Figure 2) of freshly isolated Symbiodinium cells from A. viridis, Aiptasia sp., A. digitifera, and S. pistillata. Nevertheless, removal of the symbiosome membrane (work in progress) is still required to definitively confirm that NPC1 encodes a transmembrane protein localised to the animalderived perisymbiont membrane.
The NPC1 protein could therefore constitute a valuable marker of the perisymbiont membrane in both corals and sea anemones. Indeed, as the molecular components of this symbiotic interface still need to be characterised, the presence of NPC1 could be used to confirm membrane identity when purifying symbiosomes, for example, with the protocol described by Kazandjian et al. (2008) . To date, only two studies have attempted to characterise the symbiotic interface in the cnidarian-dinoflagellate symbiosis (Peng et al., 2010; Stochaj & Grossman, 1997) , allowing for the identification of a few molecular components and in particular those associated with the cytoskeleton. However, in these studies, the authors used chemical probes that were non-specific for the perisymbiont membrane when optimising membrane isolation, whereas in other biological models, such as the peribacteroid membrane from Pisum sativum (Saalbach, Erik, & Wienkoop, 2002) , crosscontamination between host cellular compartments during membrane isolation is common. NPC1 labelling therefore offers a new and viable means for establishing perisymbiont membrane purity during isolation from the cnidarian-dinoflagellate symbiosis.
With respect to the putative function of NPC1, several hypotheses can be generated by reference to other biological systems. Quantification of NPC protein abundance was performed by Western blots and are given relative to d0. Differences in the relative expression of NPC proteins between days were tested using the global nonparametric Kruskal-Wallis test with Dunn's multiple-comparison post hoc test. Values compared to d0 were considered significant for p < .05 and are shown by asterisk (*). The in hospite Symbiodinium cell density was determined by cell counting in control specimens (n = 3) and in specimens subjected to hyperthermal stress (n = 6) or menthol treatment (n = 6). Statistical analyses were performed using a repeated measures analysis of variance ANOVA with a Tukey multiplecomparison post hoc test; significant values compared to d0 are indicated for * p < .05, ** p < .01, and *** p < .001. Results are given as means ± standard error of mean studies have pinpointed the npc1 gene as having a crucial molecular role in binding cell-surface viral glycoproteins of the Ebola virus (Carette et al., 2011; Côté et al., 2011; Dahlmann et al., 2015; Miller et al., 2012) and in flavovirus entry to human cells (White & Schornberg, 2012) . The localisation of this protein to the perisymbiont membrane could therefore be consistent with NPC1 being involved in recognition of the symbiont cell-surface glycome (Logan et al., 2010) during acquisition by the host cnidarian, although this protein could also actively participate to phytosterol transfer from the dinoflagellate symbionts to the cnidarian host, in tandem with AvNPC2-d in the stable symbiotic state (Dani et al., 2014) .
| Subfunctionalisation of AvNPC2 proteins
Gene duplication has been shown to occur for several pathways in cnidarians, mainly in developmental processes (Technau et al., 2005 ).
Yet we are far from having a complete overview of the entire set of gene duplications that occurs in this lineage. A previous study has highlighted cnidarian-specific duplications of genes putatively involved in symbiosis maintenance (Ganot et al., 2011) . This latter study also demonstrated that the symbiosis-related genes npc2, Calumenin, Sym32, and C3 complement were also upregulated in the gastrodermis of symbiotic specimens. In a previous study (Dani et al., 2014) , we focused on Avnpc1 and Avnpc2 genes and identified in cnidarians at least three extra copies of npc2 genes that were probably derived from the canonical npc2-a copy by a retro-transcription mechanism. These results were further confirmed by a transcriptomic study (Lehnert et al., 2014) and genomic investigations in Aiptasia (Baumgarten et al., 2015) , showing the organisation of npc2 genes in two clusters that probably arose from a tandem duplication. In this study, the expression of the canonical protein AvNPC2-a was restricted to the epidermis (Figures 4 and 5a,c) , whereas the duplicated copy is crucial for larval development (Niwa & Niwa, 2011) . Furthermore, NPC2 has been shown to be involved in chemical communication (lipid semiochemicals) in worker ants (Ishida et al., 2014) and to bind bacterial peptidoglycan cell-wall components in D. melanogaster (Shi et al., 2012) .
In this latter context, NPC2 may be involved in dinoflagellate recognition and/or selection in cnidarians. This hypothesis is supported by recent discoveries in Aiptasia larvae, where upregulation of npc2 genes has been observed during symbiosis establishment and symbiont selection (Wolfowicz et al., 2016) .
Such subfunctionalisations have also been described in Rhizobium sp., for example, with respect to symbiotic genes, such as LCO receptors (De Mita, Streng, Bisseling, & Geurts, 2014) and GTPases (Yuksel & Memon, 2009) . Gene duplications may also enable increased diversity of exchanged molecules at the symbiotic interface, as demonstrated by the duplication of amino acid transporters in the pea aphid (Duncan et al., 2014) . Gene duplication is a common mechanism for gene preservation and diversification, mostly by rapid subfunctionalisation (Lynch & Force, 2000; Rastogi & Liberles, 2005) that further leads to neo-functionalisation (He & Zhang, 2005) . This mechanism has occurred especially with respect to npc2 in D. melanogaster, in which researchers have identified eight npc2 genes that display different expression patterns and levels of expression (Shi et al., 2012) . To confirm neo-functionalisation in the cnidariandinoflagellate symbiosis, we still need to determine the potential ligands of both AvNPC2-a and AvNPC2-d and provide evidence that gene duplication contributes to host adaptation to symbiosis. This work is currently underway.
| EXPERIMENTAL PROCEDURES

| Biological material and experimental design
Mediterranean specimens of A. viridis were collected in shallow waters at Villefranche-sur-Mer (France). They were maintained in Control specimens were maintained under normal conditions and sampled like the stressed specimens.
For each specimen, tentacles were sampled and processed immediately on the following days: d0, d5, d22, and d59. All samplings were performed at 10:00 a.m. to avoid circadian rhythm variations (Levy et al., 2011) .
Specimens of the corals Acropora digitifera (FR14-068-02767-I)
and Stylophora pistillata (FR15-068-03752-I) were imported from the United States and maintained at "Aquarium Recifal," Antibes, France, at 26°C and pH 8.2, and at an irradiance of 300 μmol quanta m −2 ·s −1 on a 12/12-hr light dark cycle for 2 weeks before experimentation. 
| Symbiodinium density quantification
For each time point, two tentacles per individual were sampled, dried, and weighed using a precision balance (Precisia, Model 202A, Sweden).
Samples were incubated for 90 min in 1 M NaOH solution at 37°C in a drying chamber (Jouan, EB28, France) to allow animal tissue digestion and Symbiodinium isolation (Zamoum & Furla, 2012 ). An aliquot of this homogenate (40 μl) was diluted and used to determine the Symbiodinium cell density using a Neubauer-Hauser haemocytometer (VWR, Fontenay-sous-Bois, France) under a light microscope at 90× magnification (Leica, Wetzlar, Germany). Ten replicates were quantified for each sample, and the results were weight normalised. The data were first checked for normality and heteroscedasticity of sample variance and Symbiodinium quantifications then tested using repeated ANOVA measurements with the Tukey multiple comparison post hoc test. For these analyses, a p value of <.05 was considered statistically significant.
All analyses described above were conducted using GraphPad InStat Version 3 software (GraphPad Software, San Diego, CA). We considered the bleaching threshold as density < 50% initial symbiont population (Ainsworth, Hoegh-Guldberg, Heron, Skirving, & Leggat, 2008; Hoegh-Guldberg & Smith, 1989) .
| Protein extraction
Total animal protein (Tan) and total bleached protein (B) were obtained from symbiotic and aposymbiotic specimens, respectively, by gentle homogenisation of tentacles in an extraction medium containing 50-mM phosphate buffer (pH 7.8) and 10 μg/ml protease inhibitor cocktail (Sigma). Gastrodermal (symbiont-containing tissue, G) and epidermal cell layers (Ep) were separated as described previously (Richier et al., 2006) . Homogenates were centrifuged at 1,500 × g for 3 min to pellet residual Symbiodinium cells. The animal fractions contained in the supernatant were centrifuged again at 4,000 × g for 3 min to ensure complete symbiont elimination. To obtain freshly isolated Symbiodinium cells (*FIS), gastrodermal tissue was homogenised and centrifuged at 1,500 × g for 3 min to pellet Symbiodinium cells. The
Symbiodinium fraction was then washed twice in extraction medium to remove remaining gastrodermal cells. Then, the Symbiodinium cell suspension was drawn gently back and forth through a 23-gauge metal hypodermic needle fitted to a 5-ml syringe and centrifuged at 4,000 × g for 3 min to remove animal contaminants, before the cells were resuspended in 200 μl final extraction medium. To obtain a cultured Symbiodinium fraction (CS), an aliquot of Symbiodinum culture was centrifuged at 1,500 × g for 3 min to pellet Symbiodinium cells.
The pellet was then washed twice in extraction medium. To prepare the protein samples, all isolated fractions were sonicated (6 × 10 s for animal fractions; 8 × 10 s for Symbiodinium fractions) and centrifuged at 13,000 × g for 5 min. Supernatants containing the protein extracts were frozen and kept at −80°C until further analysis. Protein concentrations were determined by the Bradford method (Bio-Rad Protein Assay Dye Reagent Concentrate, Sigma).
| Antibody production
Custom-made anti-AvNPC1, anti-AvNPC2-a, and anti-AvNPC2-d
were generated against the polypeptides CLIGSNYSAIQ, EVVDFDDG, and GKISLTLQ, respectively (AgroBio, La Ferté Saint-Aubin, France).
Polypeptides were conjugated to KLH and used to immunise two rabbits for each antibody. The rabbits were initially immunised with 300 μg of KLH-conjugated polypeptide, followed by five boosts of 300 μg at 2-week intervals. The rabbit serum exhibiting the highest immunoreactivity against the peptide antigen assessed by ELISA was collected on Day 128 and purified by an affinity column containing 5 mg of peptide antigen (AgroBio).
| Western blot analysis
Protein samples, 5 μg for each "compartment" (*FIS, CS, Ep, and G) and 20 μg for each total sample (Tan and B), were separated by SDS-PAGE on a 15% gel for NPC2 and 10% gel for NPC1. They were transferred onto a 0.2-μm PVDF membrane for NPC2 and 0.45-μm nitrocellulose membrane for NPC1, using a semidry blotting system (Bio-Rad).
Both Coomassie blue staining of gels and Ponceau red staining of membranes were used as loading controls. After overnight blocking We determined the relative abundance of each NPC protein in A. viridis specimens from each treatment (control, n = 1; hyperthermal stress, n = 3; and menthol treatment, n = 3) at Days 0, 5, 22, and 59.
We calculated the pixel quantity (score) in each band in a fixed area using Image J (Schneider, Rasband, & Eliceiri, 2012 was considered statistically significant. All the analyses described above were conducted using the software GraphPad InStat Version 3 (GraphPad Software, San Diego, CA).
4.3.4 | Immunofluorescence microscopy on A. viridis tentacle and whole mount Aiptasia sp.
entacles of symbiotic A. viridis specimens and whole specimens of Aiptasia sp. were fixed overnight in 4% paraformaldehyde at 4°C.
Cryosections (12 μm) were incubated in PBS containing 0.1% Triton X-100 (PBT) for permeabilisation, and then blocked for 2 hr in PBS con- 4.3.5 | Immunofluorescence microscopy on freshly isolated and cultured Symbiodinium
To obtain FIS samples from A. viridis for immunofluorescence microscopy, gastrodermal and epidermal cell layers were separated as described previously (Richier et al., 2006) . The gastrodermal cell layer was homogenised in filtered seawater (0.2 μm) and a 500-μl suspension of the sample (>5 × 10 5 cells/ml) was drawn gently back and forth through a 23-gauge metal hypodermic needle fitted to a 5-ml syringe. Three plunges of the syringe were required to disrupt gastrodermal cells and to obtain intact Symbiodinium cells surrounded by the perisymbiont membrane. Samples were centrifuged at 500 × g for 3 min to pellet Symbiodinium cells, then washed twice in filtered seawater (FSW, 0.2 μm) to remove host debris. For the CS sample, a culture aliquot was centrifuged at 1,500 × g for 3 min to pellet Symbiodinium cells. The pellet was washed twice in FSW to remove culture medium and resuspended in 500-μl PBS. Transmission electron microscopy of FIS samples was used to confirm the presence of a symbiosome membrane complex, which consists of one outer hostderived symbiosome membrane, plus a number of inner membranes of algal origin. For Aiptasia samples, tissue was homogenised without epidermal cell layer removal, and processed as described for Anemonia to obtain FIS.
For coral samples, tissue was removed from skeleton using mechanical brushing. Samples were then centrifuged at 100 × g for 30 s to pellet skeletal debris, and the supernatant containing both host tissues and Symbiodinium cells was centrifuged at 500 × g for 3 min to pellet cells containing symbionts; this latter step was repeated two more times in FSW to further remove host debris. Samples were then processed via syringe as described above, to obtain intact symbiosomes.
To confirm the expression of AvNPC1 and AvNPC2-d around the symbiosome, samples were incubated in PBS containing 0.1% Triton X-100 (PBT), and then blocked for 2 hr in PBT containing 1% BSA. 
